INTRODUCTION {#sec1-1}
============

Modern management of cancer involves using multiple modalities for treatment. One of the integral components of this treatment is the use of ionising radiation to effect tumour death. Such ionising radiation though required for tumour death, also causes damage to the surrounding normal tissue.\[[@ref1][@ref2]\] The deleterious effect of radiation on normal tissues is overcome to a great extent by the refinement of planning of radiation treatment and the use of focussed methods of radiation delivery like intensity-modulated radiation therapy (IMRT).\[[@ref3]\] In spite of these technical advances, there is still damage to the surrounding normal tissues which is often manifested by delayed healing, chronic ulcers and bone necrosis. An understanding of the effects of radiation on the tissue is important to the surgeon as surgical management may become necessary for the removal of persistent or recurrent tumours in a radiated bed or for curing the complications of radiation like radiation-induced fistulas, strictures or necrosis of bone skin or cartilage. This article focusses on the pathophysiology of radiation-induced damage, the impact of radiation on tissue healing and the treatment for radiation-induced chronic wounds. The acute cutaneous and mucosal toxicity due to radiation therapy is usually managed by the radiation oncologist and does not come in the purview of this article.

EFFECTS OF RADIATION ON NORMAL TISSUES AND IMPACT ON WOUND HEALING {#sec1-2}
==================================================================

Radiation therapy involves the use of ionising radiation given as daily fractions over a period of weeks to effect tumour death. The dose delivered is given to a field which includes the primary tumour and the surrounding nodal stations. So, an area of the adjacent tissues not directly involved by the tumour is also irradiated. This effect of radiation causes two types of injuries to normal tissues, namely acute and chronic injuries. The acute effects are usually manifested in tissues which are rapidly proliferating such as mucosa and epithelium and this leads to painful ulcers, mucositis and desquamation.\[[@ref4][@ref5]\] These however resolve with supportive care. The chronic problems can manifest even years after treatment. Both these changes, that is, the acute and chronic have a significant impact on healing of wounds in these areas.

Normal wound healing occurs in three stages, namely, an inflammatory phase, a proliferative phase and a maturation phase.\[[@ref6]\] The key components in wound healing include fibroblasts, collagen synthesis and chemotactic factors like the transforming growth factor (TGF) beta, platelet-derived growth factor (PDGF) and fibroblast growth factor (FGF) beta. These cytokines are produced by the platelets and macrophages which enter the wound bed in the inflammatory phase of wound healing. In this context, radiation causes oedema of the vessel walls, stasis and occlusion of the vessels, thereby preventing the influx of platelets.\[[@ref7]\] There is reduced angiogenesis and increased expression of matrix metalloproteinases. Due to the reduction of the cytokines, there is a reduced recruitment of fibroblasts in the wound bed. Radiation also causes direct damage to the fibroblasts and this in turn causes loss of tensile strength of the wound due to the reduced production of collagen and altered function of collagen. Recent findings attribute the pathophysiology of the radiation-induced fibrosis to reactive oxygen species which leads to the dysregulated production of abnormal myofibroblasts.\[[@ref8]\] The tissues have an abnormal production of collagen and are paucicellular. There is a loss of normal tissue architecture with diminished healing capacity. Trauma to this compromised tissue results in poor healing because of the absence of blood vessels and inflammatory cells.

COMMON CLINICAL PROBLEMS RELATED TO WOUND HEALING IN THE PRESENCE OF RADIATION-INDUCED CHANGES {#sec1-3}
==============================================================================================

Operating in a freshly radiated area {#sec2-1}
------------------------------------

Wounding of the irradiated area becomes a surgical necessity either for curing residual or recurrent cancers or for treating the radiation-induced complications. Inflammation is a major component of acute radiation injury to the skin and subcutaneous tissue. Wounding in the inflamed tissue laden with tissue oedema leads to unfavourable results in the healing. But the surgeon is forced to operate in this area for residual tumours immediately after radiotherapy or chemoradiotherapy. These tumours are sometimes the result of poor response of the tumour to a well-planned treatment protocol or due to its inappropriate use in advanced cases. In some instances, the surgical arm would have been an integral part of the treatment protocol especially in the cases of large lymph nodes where a neck dissection has been planned after the completion of radiation. Surgical procedures performed on previously irradiated tissue are associated with an increased morbidity in terms of delayed wound healing and breakdowns.\[[@ref9]--[@ref11]\] The timing of these procedures has been ideally kept as four to six weeks after the completion of radiation and before the lapse of 8-10 weeks. The former is to prevent the ill effects of intense inflammation and inflammatory mediators on tissue healing and to allow the wound to achieve tensile strength. Unnecessary delay in surgery beyond eight weeks is also detrimental to healing as the early process of fibrosis sets in after this period. In certain instances, planned surgery in a radiated area is better performed after a lapse of a six-month period to help the tissues overcome the detrimental effects to wound healing. This applies to clinical situations like reconstruction of the breast after mastectomy where postoperative radiation has been used\[[@ref12]\] and creating a secondary tracheoesophageal fistula after laryngectomy.\[[@ref13]\]

Management of acute healing complications {#sec2-2}
-----------------------------------------

Wound breakdown as well as pharyngocutaneous fistula are not so uncommon complications occurring after surgery for cancers of the oral cavity or pharynx previously treated with radiation.\[[@ref14]\] The wounds look quite clean during the first week, but breakdown occurs in the second week due to the inflammatory reaction at the edges and also secondary infections. The optimum time for intervention is unclear but is dependent on the clinical situation. Most of the fistulas are given a trial of conservative management.\[[@ref15]\] Ideally, repair of the wounds or fistulae should be delayed till 12--18 weeks when the catabolic phase is over and use of vascularised tissue for cover should be considered. Exceptions to this would be exposure of the great vessels and their impending rupture where early use of vascular tissue cover should be considered. Both free and pedicled flaps are a good option to repair these defects.\[[@ref16]\]

CHRONIC MANIFESTATIONS OF RADIATION-INDUCED INJURY {#sec1-4}
==================================================

Radiation-induced fibrosis of the skinNonhealing ulcersOsteoradionecrosisLymphoedemaPlexopathy

Radiation-induced fibrosis {#sec2-3}
--------------------------

Radiation-induced fibrosis is a chronic progressive change seen in irradiated skin and subcutaneous tissue. The presence of reactive oxygen species leads to the dysregulated production of abnormal myofibroblasts. The tissues have an abnormal production of collagen and are paucicellular.\[[@ref8]\] Trauma to this compromised tissue results in poor healing because of the absence of blood vessels and inflammatory cells. Clinically, the patients manifest with thickened fibrotic skin in the irradiated site and restriction of movement. Recent studies have shown partial reversibility of the fibrosis with the use of pentoxyphilline, which is a methyl xanthine derivative, and alpha tocopherol. The combination of these two drugs given for a long duration has been shown to cause regression of the fibrotic areas.\[[@ref17]\]

The sequelae of the fibrosis can lead to severe functional problems to patients especially those treated with radiation or chemoradiation for head and neck cancers. There is intense fibrosis in the soft tissues of the neck and stricture formation in the pharynx leading to dysphagia.\[[@ref18]\] This may necessitate reconstruction of the alimentary tract using a tubed pectoralis major or free flaps like radial forearm or anterolateral thigh (ALT) flaps \[[Figure 1](#F1){ref-type="fig"}\]. Along with it, due to the poor quality of the skin and subcutaneous tissues in the neck, provision for skin cover also may be necessary which may be achieved by using a split-thickness skin graft or additional skin flap. Also, the fibrosis in the subcutaneous tissues may lead to a decrease in range of movements in the neck. The appearance of the neck becomes progressively unsightly.

![A 40-year-old female patient post laryngectomy who received postoperative chemoradiation. There is intense fibrosis of the neck and remnant pharynx resulting in a stricture. The patient is being prepared for correction of the fibrosis and stricture with a tubed anterolateral thigh flap](IJPS-45-325-g001){#F1}

Nonhealing ulcers/soft tissue necrosis {#sec2-4}
--------------------------------------

Nonhealing ulcers could be a problem in the irradiated area in the trunk and breast after therapeutic radiation of these areas \[Figures [2](#F2){ref-type="fig"}--[5](#F5){ref-type="fig"}\]. Initial conservative measures include the use of hyperbaric oxygen (HBO) therapy and of pentoxyphylline.\[[@ref19]\] But majority of these cases may fail to heal and will require radical debridement and cover with a vascular tissue. Great difficulty may be encountered in cases of radical excision in the areas where great vessels are in proximity like the femoral vessels in an irradiated area of the inguinal region. But they are seldom seen in current practice due to the advancements in planning and delivery of radiation.

![Nonhealing chest wound in a patient who had a mastectomy followed by radiotherapy](IJPS-45-325-g002){#F2}

![A latissimus dorsi free flap was used to cover the defect, but the healing was impaired because of the postradiotherapy status](IJPS-45-325-g003){#F3}

![The wound was debrided and a pectoralis major muscle flap from the opposite chest was used to cover the deficient area](IJPS-45-325-g004){#F4}

![A split skin graft was placed over the pectoralis major muscle](IJPS-45-325-g005){#F5}

Osteoradionecrosis/chondronecrosis {#sec2-5}
----------------------------------

Osteoradiaonecrosis (ORN) affects the irradiated facial bones especially the mandible \[[Figure 6](#F6){ref-type="fig"}\]. Its incidence has been reported to be between 2 and 22%.\[[@ref20]\] There are various factors which predispose for the development of ORN, namely, dentoalveolar infections, general nutritional states and abuse of tobacco and alcohol. The timing of development of ORN can vary. It could manifest early within the first year following radiotherapy but the risk of developing ORN exists lifelong. The usual manifestation of ORN includes pain, exposed bone, fistulae and pathological fracture. Care should be taken to rule out malignancy before a diagnosis of ORN can be made as there is a likelihood of recurrence of the tumour in the mandible or adjacent structures. Dental infections and dental extractions in previously irradiated patients can predispose to the development of ORN. Dental extractions prior to radiotherapy\[[@ref21][@ref22]\] can minimise the incidence of the development of ORN. For patients requiring dental extractions after radiotherapy, prophylactic pentoxyphilline (400 mg twice daily) and vitamin E (1000 IU once daily) are given one week before the planned extraction and continued for eight weeks. Alternatively, HBO (20 dives before and 10 dives after extraction; each dive is 2.4 atmospheres absolute for 90 minutes) can be tried.\[[@ref8]\]

![Osteoradionecrosis in a 50-year-old male patient](IJPS-45-325-g006){#F6}

There are also no clear guidelines with regard to the management of ORN. Early ORN which is manifested by pain and exposed bone can be treated with pentoxyphilline and vitamin E for up to six months.\[[@ref23]\] The role of HBO therapy has been controversial in established ORN. If there is sequestrum present, gentle saline irrigation or sequestrectomy can be done under the cover of the above drugs. However for established ORN, radical surgical management may be necessary and the key to successful treatment in these is radical excision followed by covering the wound with vascularised tissue preferably containing muscle.\[[@ref24][@ref25]\] This not only provides relief from the pain and fistula, but the vascular tissue will also provide the metabolic factors for wound healing.

Chondronecrosis is much rarer compared to ORN. It usually affects the laryngeal cartilaginous framework following irradiation to the neck for laryngeal or hypopharyngeal tumours. It presents as painful discharging wounds as well as tenderness over the cartilages.\[[@ref26]\] With the current radiation techniques, this is seldom seen. Ruling out a recurrence becomes extremely difficult in these cases, but suspicion of a recurrent cancer should always be kept in mind. However, this dilemma does not influence the treatment much, as a total laryngectomy with or without reconstruction of the alimentary tract is necessary in both the situations. Another unusual situation for chondronecrosis is after heavy irradiation for breast or chest wall tumours. The treatment may necessitate removal of the affected ribs and reconstruction of the chest wall.\[[@ref27]\]

Radiation-induced plexopathy {#sec2-6}
----------------------------

This condition is particularly seen in patients who have been treated with chest radiation for breast carcinoma.\[[@ref28][@ref29]\] Progressive fibrosis of the brachial plexus roots develops and the risk for development of this plexopathy is lifelong.\[[@ref30]\] It has been reported to be more common when hypofractionated radiotherapy is given especially in doses of excess of 2.5 Gy perfraction.\[[@ref31]\] It is a difficult problem to treat and no consensus exists for the management of plexopathy. HBO\[[@ref32]\] and the pentoxyphilline-tocopherol-clodronate combination\[[@ref33]\] have been tried to treat plexopathy. There are no large-scale studies available detailing surgical management of this plexopathy; isolated reports exist about the use of nerve transfers.\[[@ref34][@ref35]\]

Radiation-induced lymphoedema {#sec2-7}
-----------------------------

Lymphatic dysfunction is common after radiotherapy. The proposed mechanism is the loss of capillary lymphatics and increase in apoptosis of lymphatic endothelial cells.\[[@ref36]\] TGF beta 1 is the common chemical modulator which interferes with the lymphatic regeneration. It is proposed that blocking of TGF beta 1 would promote lymphatic regeneration.\[[@ref37][@ref38]\] Selenium supplementation has been tried to reduce lymphoedema.\[[@ref39]\] But systematic reviews have failed to find any benefit from taking selenium.\[[@ref40]\] HBO has been tried with mixed results.\[[@ref41][@ref42]\] The lymphoedema may affect the head and neck or the extremities. Postradiation lymphoedema of the head and neck may present as acute respiratory distress due to the laryngeal component of the oedema. Immediate measures include intensive systemic steroids, but if they fail, tracheostomy, often of a permanent nature, may become necessary.

USE OF FREE TISSUE TRANSFER IN IRRADIATED AREAS {#sec1-5}
===============================================

Microvascular free tissue transfer has been extensively used in the reconstruction of the irradiated areas with good rates of success. Several studies have failed to report any difference in outcomes between patients who have been irradiated and those who have not received radiation,\[[@ref43]--[@ref45]\] barring a recent prospective study published which reported that there was an increased rate of wound infection and flap failure in patients who have had prior radiotherapy.\[[@ref46]\] The main difficulty in using free flaps in heavily irradiated areas is to find the recipient vessels in a densely fibrotic background. Various techniques have been described.\[[@ref47][@ref48]\] The success may depend on using flaps with long pedicles and using recipient vessels away from the field, for example, transverse cervical vessels in the neck, using end-to-side anastamosis to the main blood vessels or using vein grafts. In head and neck reconstruction, the use of the opposite side of the neck is often an easier alternative to use for the ipsilateral vessels. Care should be taken to avoid tension over the skin closure on these sites. This should be taken into account while planning the flaps by providing some muscle at the neck to be covered with skin grafts or by designing the cutaneous portion of the flaps to cover the neck also. The effect of radiation on wound healing has implications in the timing of the surgery. The timing of reconstructive surgery after recent radiation is unclear. A recent study published suggests that the optimal time to perform reconstructive free flap surgery is within six weeks of prior radiotherapy so as to perform surgery before fibrosis sets in.\[[@ref49]\]

ROLE OF PROPHYLACTIC MUSCLE FLAPS {#sec1-6}
=================================

The incidence of wound breakdown leading to pharyngocutaneous fistulae has been considerably increased in salvage surgery following organ-preserving protocols for laryngeal and laryngo-pharyngeal cancers using chemoradiation.\[[@ref14]\] Using the pectoralis major muscle routinely to reinforce the pharyngeal suture site as a prophylactic measure has been suggested to reduce the fistula rate.\[[@ref50]\] Even when there is sufficient mucosa available to close the pharynx primarily, the additional use of free tissue for pharyngeal closure reduces the rate of complication.\[[@ref51]\]

CONCLUSION {#sec1-7}
==========

With all the recent advances in techniques of radiation delivery, an attempt is being made to reduce the incidence of complications of radiation. However, significant problems exist with the treatment of the skin, soft tissue and bony complications. Nonsurgical modalities have shown promise in retarding progressive fibrosis that affects patients who have undergone radiation. Their role, however, is limited to established disease. Chronic wounds with exposed devitalised bone and fistulae need surgical intervention and vascularised flap reconstruction for closure. Further studies are required to identify adjunctive treatments for treatment of radiation wounds.
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